The accurate quantification of cyanobacteria phycobiliproteins is an important aspect in various research topics, such as cyanobacteria ecology and physiology studies, and especially to calibrate algorithms used in remote sensing of cyanobacterial blooms. Here we present a spectroscopic approach, exploiting spectrophotometric equations, aimed at improving the phycocyanin and allophycocyanin quantification when chlorophyll a is present in the phycobiliprotein aqueous extract.
INTRODUCTION
Photosynthetic organisms use various chlorophyll molecules and several accessory pigments to improve their efficiency in capturing solar radiation. Generally, cyanobacteria contain chlorophyll a (Chla) only together with different carotenoids as accessory pigments: moreover, to maximize the photosynthetic efficiency, they have the phycobiliproteins (chromophore-protein covalently linked compounds). Because only a few other algal classes (rhodophytes and cryptophytes) possess these pigments, they can be used as a valuable proxy to detect the presence of cyanobacteria in mixed phytoplankton assemblages (Seppälä et al., 2007; Escoffier et al., 2015) .
The most common phycobiliproteins are phycocyanins (PCs), allophycocyanins (APCs) and phycoerythrins (PEs); they harvest light and deliver it toward photosystem I and photosystem II through energy transfer processes flowing from PEs (high energy) to PCs (intermediate energy) to APCs (low energy) and, finally, to photosystem I and II, containing Chla (lowest energy level) (Gantt, 1975; Zhao et al., 2015) . In vivo, these pigments are organized in protein complexes, the phycobilisomes, which are (as the phycobiliproteins themselves) water soluble. Chlorophylls (Chls) are typically extracted in various organic solvents, e.g. methanol or acetone, and they are rather stable if kept in appropriate conditions. Conversely, phycobilisomes/phycobiliproteins are denatured and almost depigmented after exposure to organic solvents (Cohen-Bazire and Bryant, 1982; MacColl, 1983) , and, therefore, they are commonly extracted in phosphate buffer solution at neutral (or slightly acidic) pH. In aqueous solvents, phycobiliproteins may dissociate, forming lower weight complexes, depending on the organism of origin as well as on the extraction conditions, such as the solvent, the ionic-strength, the pH and their own concentration (MacColl, 1983; Glazer, 1988; Berns and MacColl, 1989) . The main components of phycobiliproteins are protein subunits α and β, which form the monomeric unit (αβ). When extracted and purified from cyanobacteria, PEs show an absorption maximum at 495 and 540-570 nm (a very stable complex containing the hexamer unit (αβ) 6 ), PCs have an absorption maximum around 615-620 nm (monomer-trimer), and APCs around 650 nm (trimer) (Glazer and Hixson, 1977; MacColl, 1998) .
In addition to Chla determination (Richardson et al., 2010; MacIntyre et al., 2011) , a better evaluation of cyanobacterial contribution to the total phytoplankton biomass can be achieved by an accurate quantification of phycobiliproteins, taking into account their specific absorbance peak. However, this is not a simple task to achieve with a spectrophotometric analysis, because the absorbance bands of these pigments (PCs and APCs, in particular) overlap with those of Chls and produce a bias in their quantitative determination even in the aqueous extracts (Myers and Kratz 1955; Sarada et al., 1999; Yacobi et al., 2015) , where Chla may be present if a not mild extraction protocol is used (the efficacy of an extraction protocol is species-specific; not always mild extraction protocols are applicable, due to the great resistance a cyanobacterium cell wall can have). Chla bias might be critical in some research applications such as in vivo fluo- rescence calibration (Kasinak et al., 2015; Macário et al., 2015) and the development of a more appropriate coefficient for the semi-empirical algorithms and specific inherent optical properties for the bio-optical model to apply at the satellite images in remote sensing for cyanobacteria monitoring (Schalles and Yacobi, 2000; Simis et al., 2007; Bresciani et al., 2011; Ogashawara et al., 2013; Mishra and Mishra, 2014) , as well as insight into the physiology and ecology of cyanobacterial species (e.g., complementary chromatic adaptation; Bennett and Bogorad, 1973; De Marsac and Houmard, 1988; Li et al., 2016) .
An obvious requisite of any quantification method is to obtain an extraction as complete as possible of the target pigments. Various extraction methods have been proposed in literature (Quesada and Vincent, 1993; Sarada et al., 1999; Lawrenz et al., 2011; Zimba, 2012; Horváth et al., 2013) , but their efficiency is variable and the protocols often need to be optimized for the particular cyanobacterial species investigated Horváth et al., 2013) .
In addition, a common drawback of these extraction protocols is that improving extraction efficiency can also be associated with an increasing concurrent extraction of Chls (Myers and Kratz, 1955; Sarada et al., 1999; Yacobi et al., 2015) . The overlap of Chl absorption bands with those of PCs and APCs in the 600-700 nm range affects the correct determination of these accessory pigments when they are quantified by absorbance measurements. In fact, the spectroscopic quantification equations commonly used are those proposed by Bennett and Bogorad (1973) , in which they assume that only different phycobiliproteins are present, but no Chls. In literature, Bennett and Bogorad equations are invariably applied regardless the possible presence of Chls in the solution (Sarada et al., 1999; Zhu et al., 2007; Zimba, 2012; Horváth et al., 2013; Yacobi et al., 2015) .
The aims of this study were i) to show that PC and APC quantification, performed applying Bennett and Bogorad equations regardless the possible presence of Chls, can be affected by huge errors; and ii) to develop a methodological approach to minimize the error in phycobiliproteins quantification due to chlorophyll presence in solution.
As testing material, we selected a laboratory culture of Microcystis aeruginosa, a unicellular freshwater organism often found in freshwater. We chose to study this species because i) it is most frequently linked to hepatotoxic blooms both in Italian lakes (Bruno et al., 2005) and worldwide (Chorus and Bartram, 1999) ; ii) it is possible to use a mild extraction procedure, obtaining phycobiliproteins extracts free from Chla, to be used as a reference. In fact, cyanobacteria phycobiliprotein extracts may be contaminated by Chla, when using extraction methods less mild than freeze-thawing, such as homogenisation in blender (Sarada et al., 1999) or sonication (Zhu et al., 2007) .
Microcystis aeruginosa produces PC, APC and Chla; therefore, only the interference of Chla was considered in this study. We evaluated the amount of error caused by Chla, developing equations to correct the apparent PC and APC absorbance values, before quantifying phycobiliproteins according to Bennett and Bogorad (1973) .
METHODS

Cyanobacterial cultures
The species Microcystis aeruginosa, Kützing 1846, strain 1885 (non-toxic), from the culture collection of the Laboratory of Algal Biology, University of Rome Tor Vergata, was used in this study. M. aeruginosa was maintained at 21°C in 600 mL flasks containing BG11 medium (Rippka et al., 1979) 
Extract spectroscopic analyses
Absorbance measurements were carried out on a UVmc2 spectrophotometer (SAFAS), spectrofluorometric measurements were carried out on a FluoroMax-4 (HORIBA Scientific, Irvine, CA, USA). Suprasil quartz, 1 cm light path, cuvettes were used throughout. Absorbance values were always scatter-corrected by subtracting the absorbance at 750 nm.
Pigment extraction solvents
Chla extraction was performed using 90% aqueous acetone [acetone chromasolv for HPLC, Sigma-Aldrich (St. Louis, MO, USA) and 18 MΩ Milli-Q water]; phosphate buffer 10 mM, NaCl 150 mM, pH 7, for Chla or phycobiliprotein extraction, was prepared with 18 MΩ Milli-Q water, sodium phosphate monobasic dehydrate (analytical grade; Acros Organics, Pittsburg, PA, USA) sodium chloride (ACS reagent; VWR Chemicals, Radnor, PA, USA), sodium hydroxide (ACS reagent; Sigma-Aldrich).
Phycobiliprotein extraction
The phycobiliproteins (PC and APC) stock solutions were obtained from M. aeruginosa culture after extraction with a sodium phosphate buffer 10 mM, NaCl 150 mM, pH 7 solution as in Bennett and Bogorad (1973) , but a different extraction protocol was applied. In particular, a culture aliquot was put in a glass beaker and sonicated for about 30-40 s (power 45%, pulse 50%, sonotrode S2, Hielscher Ultrasonic Processor UP200S, 200 W, 24 kHz) to break cell vacuoles (cells are not disrupted at this sonication power. Cell integrity was determined by microscopic examination.
N o n -c o m m e r c i a l u s e o n l y
Moreover, the supernatant obtained after centrifugation was colourless) and facilitate the sedimentation in a 30 mL Kimax high strength centrifuge borosilicate glass tube. The suspension was centrifuged for 15 min (11,000 rcf, t=10°C) and the supernatant removed. The cyanobacterial pellet was suspended and washed with pure 18 MΩ Milli-Q water, then centrifuged for 15 min (11,000 rcf, t=10°C) and the supernatant removed. The pellet was suspended again in 5 mL of buffer and subjected to three freeze-thawing cycles: the glass tube was maintained at -20°C for 3 h, then thawed in a water bath at 20°C; the procedure was repeated a second time. The third freeze-thawing cycle was performed after the addition of further 10 mL buffer (15 mL buffer in total); the suspension was maintained at -20°C overnight, thawed the morning after and maintained at 4°C for 24 h. The solution was then centrifuged for 45 min (11,000 rcf, t=10°C). The supernatant containing PC and APC (stock solution) was collected, stored at 4°C and used within 48 h. No Chla was present in solution, as evidenced by absorbance measurement. The concentration of phycobiliproteins was determined using Bennett and Bogorad equations (Bennett and Bogorad, 1973) slightly modified (absorbance (A) value at 620 nm (PC maximum in this study) was used instead of A at 615 nm). The Chla-free phycobiliprotein extract solutions were used as reference for Chla contaminated phycobiliprotein solutions. Using the same phycobiliprotein concentration in the Chla contaminated solution and in the correspondent Chla-free reference solution, it is possible to calculate the error in PC and APC quantification due to the presence of Chla and, consequently, it is possible to verify the efficacy of the corrective equations developed below.
The pellet obtained after PC and APC extraction was used as source of Chla (as described below) to contaminate phycobiliprotein solutions, simulating extraction processes which cause Chla contamination.
Chlorophyll a extraction
Different extraction procedures were adopted in order to determine the best extraction protocol to correct the apparent PC and APC absorbance from Chla contribution.
In particular, Chla was obtained from M. aeruginosa using the following procedures: 1) extracted from the "untreated" cell pellets using aqueous acetone (90% acetone); 2) extracted from phycobiliprotein-free cell pellets using phosphate buffer (a) and phycobiliprotein extract in phosphate buffer (b).
Procedure 1: Extraction solvent 90% acetone
A culture aliquot was put in a glass beaker and sonicated for about 30-40 s (power 45%, pulse 50%, sonotrode S2, Hielscher Ultrasonic Processor UP200S, 200 W, 24 kHz) to break cell vacuoles (but not cell wall.
Cell integrity was determined by microscopic examination. Moreover, the supernatant obtained after centrifugation was colourless) and facilitate sedimentation in a 30 mL Kimax high strength centrifuge borosilicate glass tube. The suspension was centrifuged for 15 min (11,000 rcf, t=10°C) and the supernatant removed. The cyanobacterial pellet was suspended and washed with pure 18 MΩ Milli-Q water, then centrifuged for 15 min (11,000 rcf, t=10°C) and the supernatant removed. The pellet was mixed with 10 mL 90% acetone, sonicated four times for 60 s (power 75%, pulse 60%, sonotrode S2) in water/ice bath, with 60 s pause in-betweens (to avoid Chla degradation), and centrifuged for 45 min (11,000 rcf, t=10°C). The supernatant containing Chla (stock solution) was collected, the pellet discarded, disregarding total Chla extraction (it is not of interest here). Chla concentration was determined by absorbance (absorbance coefficient at 664 nm=11.406 μg mL -1 cm A -1 ; Ritchie, 2006) . Chla stock solutions were stored at 4°C and used within 24 h.
Procedures 2a and 2b: Extraction solvent phosphate buffer
In procedures 2a and 2b Chla was extracted from the cyanobacteria pellets already used to extract the phycobiliproteins. After we obtained the phycobiliprotein stock solution, as described in the section "Phycobiliprotein extraction", the absence of PC and APC in the cell debris pellet was ascertained, before Chla extraction, as follows: the pellet was suspended in 5 mL of buffer and freezethawed one time; after the addition of 10 mL buffer it was maintained at 4°C for 24 h. The suspension was then centrifuged for 45 min (11,000 rcf, t=10°C) and the supernatant recovered and checked for the presence of PC and APC. After having verified the total extraction of PC and APC by absorbance, the supernatant was discharged and the pellet was used as source of Chla. The absence of phycobiliproteins in the pellet was also checked by fluorometric measurements on the pellet suspensions.
A concentrated pellet suspension was prepared in a few millilitres of phosphate buffer, which was used as stock solution. The appropriate volume of concentrated pellet suspension was 2a simply diluted in phosphate buffer or 2b added to a solution of the two phycobiliproteins (PC and APC); after that, the resulting suspension solution was extracted. It was sonicated four times for 60 s (power 75%, pulse 60%, sonotrode S2) in water/ice bath, with 60 s pause in-betweens (to avoid Chla, PC and APC degradation), centrifuged for 45 min (11,000 rcf, t=10°C), and the supernatant collected for spectroscopic determinations.
Spectrophotometric equations
To correct PC and APC absorbance from Chla contribution, it was assumed that Chla, PC and APC ab- /A 675 for uncontaminated phycobiliprotein buffer solutions were determined disrupting M. aeruginosa cells with the freeze-thawing procedure described in section "Phycobiliprotein extraction". Phycobiliprotein solutions with 15 different concentrations (the absorbance at 620 nm of the solutions varied from about 0.050 to 0.570) were prepared by diluting the stock solutions. For each solution, the absorbance spectrum was measured, and the ratios calculated.
The same absorbance ratios for uncontaminated (i.e., phycobiliprotein-free) Chla were determined applying extraction procedures 1 and deriving these values from the absorbance spectrum of Chla in 90% acetone (3 differently diluted solutions were used, whit absorbance ranging from 0.090 to 0.312), opportunely shifted (11 nm shift) to match the bands position in buffer (Fig. 1) .
The absorbance ratios of uncontaminated Chla buffer solutions were determined as well: i) applying extraction procedures 1 and diluting small aliquots of the 90% acetone Chla concentrated extract in buffer (the absorbance spectrum was 4 nm shifted to match the bands position of Chla extracted directly in buffer); ii) preparing Chla buffer solutions following extraction procedures 2a and 2b, avoiding the use of organic solvents.
Six Chla buffer solutions with different concentrations (the absorbance at 675 nm of the solutions varied from about 0.058 to 0.235) were prepared following extraction procedure 1,6 Chla solutions (the absorbance at 675 nm of the solutions varied from about 0.065 to 0.344) were prepared following extraction procedure 2a and 12 Chla solutions (the absorbance at 675 nm of the solutions varied from about 0.096 to 0.622) following extraction procedure 2b.
For each set of solutions, the absorbance spectrum was measured, and the ratios calculated.
Finally, PC and APC concentration (mg mL 
Calculation of the error (%) on phycobiliprotein concentration
The error (%) on phycobiliprotein concentration was calculated by applying the following equations: (1) and (2).
Absorbance ratios of uncontaminated Chla, calculated using 90% acetone Chla solutions, were unsuitable to correct Chla interference when introduced in eq. (1) and (2). The equations were tested on 22 phycobiliproteins/Chla buffer solutions prepared as described in the section "Methods -Chlorophyll a extraction-procedure 2b" (Supplementary Fig. 1) . A comparison of the absorbance spectra of Chla in 90% acetone and in buffer evidenced not only a shift of the bands but also a different shape. In Fig. 1 the absorbance spectra of two Chla solutions (green: 90% acetone, black: phosphate buffer) of equal concentration are shown. The peak at 664 nm (90% acetone solution) is not only red-shifted to 671 nm in buffer, but also broadened; this later change causes hypochromicity of the band.
Also absorbance ratios calculated for Chla buffer solutions prepared diluting in buffer small aliquots of Chla organic solutions (Fig. 1, black curve as an example. Acetone content in buffer solution was always <6%) were unsuitable to correct Chla interference when introduced in equations (1) and (2). As before, the equations were tested on 22 phycobiliproteins/Chla buffer solutions prepared as described in the section "Methods -Chlorophyll a extraction-procedure 2b" (Supplementary Fig. 2 ).
Chla A 620 /A 675 and A 652 /A 675 ratios, calculated for uncontaminated Chla buffer solutions, prepared extracting the pigment directly in buffer, from pellets of M. aeruginosa lacking phycobiliproteins (procedure 2a), turned out ineffective as well, when introduced in eq. (1) and (2). Again, the equations were tested on 22 phycobiliproteins/Chla buffer solutions prepared as described in the section "Methods -Chlorophyll a extraction -procedure 2b" (Supplementary Fig. 3 ).
Keeping in mind the results just described, we calculated the above ratios from the absorbance spectra of buffer solutions of Chla extracted following procedure 2b, i.e,. in the presence of phycobiliproteins (e.g., Fig. 2 , bluegreen curve), after having subtracted, at the appropriate wavelength, the absorbance contribution due to phycobiliproteins. This absorbance contribution was obtained from Chla-free phycobiliproteins buffer solutions of the corresponding concentrations (e.g., Fig. 2, blue curve) . We assumed that the effect of the presence of Chla on the absorbance bands of the phycobiliproteins is negligible. This is a reasonable approximation, considering that such an effect, which could result from a (relative) close interaction between Chla and the bilin pigments, is avoided by the phycobiliprotein tertiary and quaternary structure. In fact, bilin pigments are positioned near, but not on the surface of the protein units (Padyana et al., 2001; Adir and Lerner, 2003) , so that a bilin/Chla strong interaction is improbable.
On the other hand, the large phycobiliproteins (having a molecular weight of the order of 100,000 -200,000 Da) present on their surface various relatively hydrophobic sites, potentially able to interact with the hydrophobic Chla macrocycles and affect the spectroscopic feature of this (in comparison) small molecule (having a molecular weight of about 900 Da), as we indeed observed. A comparison of the absorbance spectra of two Chla buffer solutions obtained with extraction procedures 2a (Fig. 2 , green curve) and 2b (Fig. 2, blue (1) and (2) Also these equations were tested on 22 phycobiliproteins/Chla buffer solutions prepared as described in the section "Methods -Chlorophyll a extraction-procedure 2b". This procedure enabled us to prepare work solutions and a reliable control of the phycobiliprotein solutions, containing the same amount of the two blue pigments. As shown in Fig. 3 , a remarkable reduction of Chla bias was achieved. The error increases with Chla content and can be quite large. For the M. aeruginosa extracts used in this study (PC concentration: 0.01186, 0.01957, 0.02744, 0.03954, 0.04181 mg/mL; and APC concentration: 0.00276, 0.00507, 0.00718, 0.01177, 0.01203 mg/mL), the error in phycobiliprotein quantification using Bennett and Bogorad eq. (3) and (4) that do not consider simultaneous presence of Chla in the extract varied from 4.2% to 73.8% for PC (Fig. 3A, green bullets) , and from 24.4% to 616.9% for APC (Fig. 3B, green bullets) . The error in PC and APC quantification is considerably reduced if absorbance at 620 nm and 652 nm are previously corrected applying eq. (1a) and (2a). In this case, the error in phycobiliprotein quantification varied from -2.0% to 7.4% for Fig. 2 . Absorbance spectra of a) a phosphate buffer extract of "phycobiliprotein-free" pellet suspension of M. aeruginosa (green curve); b) the same amount of pellet suspension extracted diluting it in phycobiliprotein buffer solution (blue-green curve); c) the spectrum of the pure phycobiliproteins is also shown (blue curve). Phycobiliproteins in (b) (blue-green curve) and (c) (blue curve) have the same concentration. (Fig. 3A, red bullets) , and from -17.6% to 3.0% for APC (Fig. 3B, red bullets) .
DISCUSSION
The development of the corrective equations for phycobiliprotein absorbance required, first, a right evaluation of the absorbance ratios A 620 /A 675 and A 652 /A 675 for the phycobiliproteins buffer solutions not contaminated by Chla, and for the Chla buffer solutions not contaminated by phycobiliproteins.
The determination of these ratios for the uncontaminated phycobiliprotein buffer solutions was quite straightforward for PC and APC extracted from M. aeruginosa. In fact, freeze-thawing procedure efficiently disrupted the cells of this cyanobacterium species, and phycobiliproteins were released in buffer, obtaining solutions not contaminated by Chla.
In order to quantify the bias due to chlorophyll a in the extract, we need to measure the absorbance ratios for uncontaminated (i.e., phycobiliprotein-free) Chla in buffer. The usual approach to derive these values from the Chla organic solutions (typically, acetone), opportunely shifted (see, for example, Bidigare et al., 1990; Yacobi et al., 2015) to match the bands position in buffer, was not appropriate here. Introducing these absorbance ratios in eq. (1) and (2), a very poor correction for the Chla bias was obtained. This fact is, very likely, due to the different chemical conditions Chla experiences in buffer solution with respect to acetone or other organic solvents. Chlorophyll a is highly hydrophobic and produces aggregates in buffer solution (Agostiano et al., 2002) . The observed broadening and hypochromicity of the Chla absorbance bands in buffer solutions suggests Chla aggregation. As a consequence, Chla bands in 90% acetone respect to those in buffer solution not only are shifted, but exhibit different shapes. Different shapes imply different absorbance ratios, even after having shifted them to match each other.
Further, the absorbance ratios obtained using Chla phosphate buffer solutions, prepared by diluting small aliquots of concentrated Chla in 90% acetone also produced a poor correction for the Chla bias. An explanation may be attempted by hypothesizing a certain effect of the organic solvent on the aggregation process of Chla in buffer solution, which affects the Chla absorbance features. The bias due to the effect of the organic solvent is evidenced by the position of the absorbance maximum of these Chla solutions, which was found at 671 nm and not at 675 nm, which is the band maximum position of Chla directly extracted in buffer (procedure 2a and 2b). Therefore, Chla phosphate buffer solutions were prepared extracting the pigment directly in buffer from pellets of M. aeruginosa lacking phycobiliproteins.
In a first attempt, Chla was extracted in the absence of phycobiliproteins (procedure 2a). Again, when introduced in the eq. (1) To explain this result, we hypothesized that Chla extraction and aggregation was affected by the presence of the other compounds present in the aqueous solution. Our data supported an enhancement of Chla extraction from the cyanobacterial pellet (following the extraction procedure 2b) and a change of Chla aggregation pattern in the presence of phycobiliproteins (Fig. 2 , blue-green curve versus green curve). The extraction enhancement might be due to interactions between Chla and some less polar portion of the phycobiliproteins (moreover, other proteins and compounds of different nature are present in the solution, and interactions between Chla and these compounds may occur). These interactions may change Chla aggregation pattern and/or modify a little the shapes of the pigment absorbance bands, altering the values of the absorbance ratios we are interested in.
Introducing A 620 /A 675 and A 652 /A 675 ratios for uncontaminated phycobiliproteins solutions and uncontaminated Chla solutions, obtained following extraction procedure 2b, in eq. (1) and (2), their final form, (1a) and (2a), was developed.
When the apparent PC and APC absorbance values were corrected applying equations (1a) and (2a), before quantifying phycobiliproteins according to Bennett and Bogorad (1973) , the error in phycobiliprotein quantification due to Chla was greatly reduced. In fact, whenever Chla is present in solution, PC and APC contents are overestimated, if they are determined using Bennett and Bogorad eq. (3) and (4) without taking in account Chla presence.
CONCLUSIONS
We have shown that Chla contamination of phycobiliprotein aqueous extracts can cause large errors in PC and, especially, in APC spectrophotometric quantification.
We elaborated a strategy to minimize such errors, and developed eq. (1a) and (2a) to correct the apparent PC and APC absorbance values, before quantify phycobiliproteins as in Bennett and Bogorad (1973) . Indeed, this approach allowed to minimize the error in PC and APC quantification in the cases studied.
The authors of the present paper chose to use as source of PC, APC and Chla the freshwater cyanobacterium M. aeruginosa, because it is a potentially toxic species, often developing blooms in eutrophic inland waters. They are however aware that the use of one species only is reductive and additional tests with different cyanobacteria species are needed, as well as investigations on the possible additional bias due to presence of other Chls, e.g., N o n -c o m m e r c i a l u s e o n l y Chlb, these chlorophylls are usually found in mixed phytoplankton assemblages. Nevertheless, the author not only believe that this approach is already an important step forward for a more precise quantification of cyanobacteria using PC and APC quantification, but also they believe that the results obtained are important to draw attention on a phenomenon that is often neglected or considered with an oversimplified approach. These results show that certain assumptions commonly used for the spectrophotometric quantification of phycobiliproteins are too simplistic and a deep knowledge of the chemical-physical characteristics of the system is necessary to have a reliable quantification.
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